Spatially-resolved and unresolved magnetic resonance measurements are used in combination with a partial least squares regression (PLSR) 
Abstract
Spatially-resolved and unresolved magnetic resonance measurements are used in combination with a partial least squares regression (PLSR) method to measure chemical composition within catalyst pellets during the 1-octene hydrogenation reaction occurring in a fixed bed of 0.3 wt% Pd/Al 2 O 3 catalyst pellets. The PLSR method is used to discriminate between chemical species within and external to the void space of the catalyst pellets. The spatiallyresolved data show that the hydrogenation and isomerisation reactions are dominant in the upper and lower region of the reactor, respectively. The local intra-pellet compositions also show product accumulation inside catalyst pellets consistent with reaction occurring under conditions of mass transfer limitation. An average measure of the intra-pellet composition within the whole bed was then used to estimate the liquid-solid mass transfer coefficient during the course of the reaction. The values of LS obtained from the NMR measurements were in the range 0.15 × 10 -5 m s -1 < LS < 0.25 × 10 -5 m s -1 , for reactor operating conditions
Introduction
In heterogeneous catalysis, understanding of the coupling of mass transport and reaction at the local pellet scale is central to our ability to design catalysts and operate catalytic processes effectively (Dudukovic et al., 1999; Dudukovic, 2010) . The liquid-solid mass transfer is characterised by the liquid-solid mass transfer coefficient LS . Measurement of LS is not straightforward, with measurements being made outside the reactor (ex situ) on systems demonstrating liquid-solid mass transfer limitation, or on the working reactor (in situ) in which case LS is usually a parameter in the modelling of the reaction data. Ex situ methods have the advantage that they are easy to implement and can provide a direct measurement of LS . However, the obvious disadvantage is that the measurement is not taking place in the real reactor environment and in many cases will be taking place in systems in which the chemical species and hydrodynamic regimes differ from those found in the particular reaction of interest. Examples of ex situ methods include the dissolution method Ruether et al., 1980; Sylvester and Pitayagulsarn, 1975) , the electrochemical method (Burghardt et al., 1995; Chou et al., 1979; Rao and Drinkenburg, 1985) , the ion exchange method (Yoshikawa et al., 1981) and the dynamic adsorption method (Tan and Smith, 1982) .
In the in situ approach, a correlation between LS and reactor operating properties such as liquid and gas flow velocities are usually assumed and the parameters of the correlation are then determined by regressing the reaction data onto the reactor model. Examples of the in situ approach include measurement of LS in the hydrogenation of α-methylstyrene (Morita and Smith, 1978) , of styrene, 1-octene and toluene (Liu et al., 2005) and of linear and isooctenes (Houwelingen and Nicol, 2011) . Whilst LS is obtained under reaction conditions, this method relies on assumed reaction kinetics and the use of a correlation to define LS .
Thus, the approach does not provide a direct measurement. In summary, a method that can provide a direct and non-invasive measurement of LS that is determined during operation of the catalyst in its working environment (i.e. under operando conditions) has not been reported. It is the purpose of this work to demonstrate a direct measurement of LS using magnetic resonance measurements of chemical composition within catalyst pellets (i.e. intrapellet) made during 1-octene hydrogenation occurring in a fixed bed of 0.3 wt% Pd/Al 2 O 3 catalyst pellets.
Tomographic and imaging methods, including capacitance and X-ray tomographies and magnetic resonance imaging (MRI) are increasingly applied to provide non-invasive and local measurements of multiphase reaction systems (Ranade et al., 2011) . Of these, MRI is the only technique that can provide chemically-resolved information directly without need of any tracer or isotopic labels. MRI is now well-established as a technique for imaging hydrodynamics in fixed-bed reactors. These methods have been used to probe structure-flow correlations (Sederman et al., 1997) and local transitions in single-phase flow within packed beds (Johns et al., 2000) ; velocity imaging of both gas-and liquid-phase flow in a trickle bed (Sankey et al., 2009) ; and characterisation of the trickle-to-pulse hydrodynamic transition during trickle flow (Anadon et al., 2006 ) , but the ability to track chemical conversion is less well-developed. Early applications of MRI to tracking reactions in heterogeneous catalytic reactors focussed on imaging of the 1 H nucleus (often referred to as proton MRI) and include esterification reactions (Kuppers et al., 2002; Yuen et al., 2002 Yuen et al., , 2003 and the hydrogenation of -methylstyrene (Koptyug et al., 2004) . Recently, a study of the gas phase ethylene hydrogenation reaction using 1 H NMR imaging has been reported by Ulpts et al. (2015) .
Whilst it is possible to spatially resolve the progress of reaction along the length of the reactor, accurate measurement of intra-pellet chemical composition has not been reported.
This arises from two major measurement challenges in using 1 H MRI in this application. First, while MRI measurements of the 1 H nucleus are much favoured because of the high isotopic abundance of the 1 H nucleus and its high NMR sensitivity, it is associated with a narrow frequency range, termed the chemical-shift range, which means that it is difficult to unambiguously discriminate between different chemical species in a typical catalytic conversion. Second, the same chemical species will be present both inside and outside the catalyst pellets and one would therefore expect the magnetic resonance (MR) resonances to be indistinguishable for a given chemical species in the intra-and inter-pellet space. However, the interactions of a molecule within the confined pore space of the catalyst influence its nuclear spin-lattice (T 1 ) and spin-spin (T 2 ) relaxation times; the latter also acting to broaden the linewidth of the resonance. Thus, although it is challenging to distinguish the same species in the intra-and inter pellet space unambiguously it is, in principle, possible to do this and hence quantify intra-pellet composition during reaction. The first of these challenges was addressed by Akpa et al. (2005) who reported the application of 13 C MRI to spatially-resolve conversion and selectivity during the competing etherification and hydration reactions of 2-methyl-2-butene in a fixed-bed reactor. The 13 C nucleus has a chemical shift range of 200 ppm, compared to that of 10 ppm for 1 H observation. This approach was then used by Sederman et al. (2005) to obtain local compositions along the length of the reactor in a study of the hydrogenation of 1-octene in a trickle-bed reactor. In that work the use of 13 C observation enabled discrimination of 1-octene, octane and 2-octene isomers (the two isomers were not resolved). Thus it was possible to track the extent of hydrogenation isomerisation within the system which would not have been possible using 1 H observation. Identification of intra-pellet composition was not reported in that work. In both the work of Akpa et al. (2005) and Sederman et al. (2005) the pulse sequence that was implemented such that spatially resolved spectra were obtained was the 13 C Distortionless Enhancement by Polarisation
Transfer ( 13 C DEPT) pulse sequence of Doddrell et al. (1982) . More recently, Weber et al.
(2011) reported a study of both intra-and inter-pellet species present during the esterification of acetic acid and ethanol in a fixed-bed reactor of ion-exchange resin using 13 C MRI.
Discrimination of the intra-and inter-pellet species was achieved using chemically-specific diffusion coefficient measurements. While quantitative spatially-resolved concentration measurements were obtained for the inter-pellet space, only relative changes in concentration in the intra-pellet space were obtained because the microstructure of the gel resin was sensitive to the chemical composition of the liquid within it, which, in turn, influences the relaxation times of the liquid interacting with the resin making quantification challenging.
This paper uses the 13 C DEPT MRI method used previously by Sederman et al. (2005) and combines it with a multivariate calibration method known as partial least square regression (PLSR) (Geladi and Kowalski, 1986; Martens and Naes, 1989; Naes et al., 2002) to analyse the NMR spectra and hence to obtain intra-pellet compositions along the length of the reactor whilst the hydrogenation and isomerisation reactions of 1-octene are occurring. This ability to measure intra-pellet compositions also allows us to measure LS during reaction. Gases) was used as the gas feed. Composition measurement at the entrance to and exit from the reactor were made by gas chromatography (GC) using an Agilent 7890A analyser with a non-polar HP-5 capillary column of 30 m length × 320 μm i.d., with a measurement accuracy of ± 0.1 mol%.
The experimental setup is presented in Fig. 1 . Liquid is delivered to the rig from a feed vessel
(1) of 1.2 L using a HPLC pump (2). Gas is delivered to the rig from pressurised gas cylinders, the flow rate being controlled by the needle valves (3) and measured by a rotameter (4). A glass reactor (5) of 25 mm i.d. and 25 cm length was used. The catalyst pellets were packed in the reactor to a height of 30 mm. Layers of θ-Al 2 O 3 cylinders were loaded above and below the catalyst bed to enhance liquid-gas saturation and support the catalyst bed. The reactor was placed within the vertical bore of the NMR magnet (6) with the catalyst bed located in the centre of the radio frequency (r.f.) coil (i.e. the imaging region). The effluent from the reactor exit was sampled from a sampling port (7) located on the return line for composition measurement by GC. The reactor effluent was collected in the waste vessel (8).
For the chemical reduction of the catalyst and during reaction experiments, the system was operated in downflow mode without recycle. Following completion of a reaction experiment, the system was operated in the upflow mode with recycle to saturate the catalyst pellets with the feed of the next reaction experiment.
Reaction experiments
Prior to the first reaction experiment, the catalyst bed was first reduced for 2 h under a flow of a 50/50 mol% H 2 /N 2 gas mixture at a flow rate of 480 ml min -1 . The reaction was then performed under 7 different operating conditions, hereafter referred to as Reactions 1-7. The feed superficial velocities and compositions for these 7 reactions are given in Table 1 . All experiments were performed at 21 ˚C and 1 atm. The liquid flow velocities were selected to give sufficient residence time to achieve a measurable conversion in a single pass through the reactor along the 5 cm field-of-view in the imaging experiments. Reactions 1-3 were operated with a feed 1-octene/H 2 ratio of 11/1 while Reactions 4-7 were operated with the feed 1-octene/H 2 ratio of 21/1. The two feed ratios were chosen such that the reaction experiments were operated under hydrogen-lean conditions to minimise the reaction heat and prevent hot spots occurring within the reactor. Reaction 7 was operated at higher liquid and gas superficial velocities to investigate the effect of external mass transfer resistance.
The reaction experiments were performed as follows. For the first reaction experiment (Reaction 1), the reactor was first flooded with 1-octene liquid to saturate the catalyst pellets by recycling 500 -1000 ml 1-octene from the bottom of the reactor (upflow and recycle mode) with a flow rate of 10 ml min -1 . The composition of the effluent liquid from the top of the flooded reactor was measured by GC every 15 min and the reactor was considered to reach mass transfer equilibrium when the difference between two consecutive GC measurements was < 0.1 mol%. This mass transfer equilibrium process took ~45 min. The reactor was then switched to the downflow, non-recycle mode, and the 1-octene feed was delivered into the reactor with the liquid superficial velocity reported in Table 1 . The 50/50 mol% H 2 /N 2 gas mixture was delivered into the reactor concurrently with the liquid at the corresponding gas superficial velocity (Table 1 ). The composition of the effluent liquid from the bottom of the reactor was measured by GC and the reaction was considered to reach steady state when the difference between consecutive GC measurements was less than 0.1 mol%. GC analysis showed that only 1-octene, n-octane and trans-and cis-2-octene were produced during reaction. After reaching steady state, 13 C DEPT NMR spectra were recorded both spatially-unresolved and spatially-resolved along the length of the reactor. After completing the experiment for Reaction 1, the reactor was drained and the procedure repeated with the initial saturation of the bed with 1-octene
Magnetic resonance experiments
All magnetic resonance experiments were performed on a Bruker AV 400 spectrometer with a 9.4 T vertical magnet, equipped with a 3-axis gradient set providing a maximum gradient strength in all 3 directions of 1.46 T m −1 . A birdcage radiofrequency (r.f.) coil with a diameter of 38 mm was used and dual-tuned to 100.64 and 400.23 MHz for 1 H and 13 C, respectively. The pulse sequence used in all experiments including the PLSR calibration experiments was the 13 C DEPT pulse sequence (Doddrell et al., 1982) shown in Fig. 2 . By applying only the 1 H and 13 C r.f. pulses, a single spatially-unresolved spectrum was acquired.
Inclusion of the linearly-varying additional magnetic field gradient (G phase ), enables acquisition of the spatially-resolved 13 C DEPT spectra. For clarification, spatially-resolved 13 C DEPT NMR spectroscopy is often referred to as one-dimensional 13 C DEPT MRI.
Hereafter, we will refer only to spatially-unresolved and spatially-resolved NMR spectroscopy. o and a J-coupling constant of 123 Hz for the aliphatic peaks was used. The decoupling was performed with the tppm20 decoupling sequence (Bennett et al., 1995) . The 13 C DEPT spectra were acquired with a recycle time of 2 s and 512 scans. These parameters were used in all 13 C DEPT NMR measurements made.
Details of the
Composition analysis requires consideration of only the spectral resonances associated with the CH 2 and CH 3 groups which occur in the spectral (chemical shift) range 14 -34 ppm relative to tetramethysilane (TMS). The data acquisition time for the spatially-unresolved data was 17 min.
Spatial resolution of the 13 C DEPT measurement (Akpa et al., 2005; Yeung and Swanson, 1989 ) along the length of the bed, was achieved using the same pulse parameters as used in the spatially-unresolved measurements but with the addition of a phase-encoding gradient (G phase ) of duration 0.4 ms, ramped to a maximum value of 3.44 G cm -1 in 16 steps. The gradient was applied along the axial direction of the catalyst bed with a field-of-view of 50 mm in this direction, yielding a spatial resolution of 3.1 mm. Therefore, in the 13 C DEPT spatially-resolved measurements, spectra were recorded from each of 16, immediately adjacent, transverse slices of thickness 3.1 mm along the length of the reactor. A complete spatially-resolved dataset was acquired with 64 scans and a recycle time of 2 s between scans.
The data acquisition time for the spatially-resolved data was 34 min. A typical dataset is shown in Fig. 3 ; the data shown were recorded for Reaction 1.
Two sets of magnetic resonance data were acquired during reactor operation. The spatiallyresolved 13 C DEPT NMR data revealed a switch from hydrogenation to isomerisation along the length of the bed and provided evidence that mass transfer limitation existed within the bed. The 13 C DEPT spectra acquired without spatial resolution, over the entire volume of the bed, were then acquired to provide an overall measurement of intra-pellet composition, with the best possible signal-to-noise (SNR), to be used in the estimation of the mass-transfer coefficient (Section 3.4).
Two-dimensional (2D) images of liquid distribution were also acquired within the fixed bed using a 2D RARE pulse sequence (Henning et al., 1986) . These data were acquired to measure bed voidage, surface wetting and liquid holdup within the bed. Images were recorded in the direction perpendicular to the direction of superficial flow. Data were acquired in an array of 128 × 128 data points; given the field-of-view of 30 mm × 30 mm, this gave an in-plane spatial resolution of 234 μm × 234 μm. The image slice thickness was 1 mm. Images were acquired with a recycle time of 5 s, an echo time of 4 ms, 64 averages, and a RARE factor of 32 was used, giving a total data acquisition time of 21 min.
Data Analysis

Introduction to PLSR
PLSR is a multivariate calibration method that has been widely applied in analytical chemistry to analyse spectroscopic data (Grahn, 1991; Haaland and Thomas, 1988) . In PLSR modelling, measurements (n × m, where n is the number of samples and m is the number of x variables) and responses (n × p, where p is the number of y variables) are related through finding the principal components (PCs) or latent variables of and by maximising the covariance between the PCs of and (Gowen et al., 2011; Wold et al., 2001 ). The general structure of a PLSR model is shown as follows:
where ( 
where ̂ is the matrix of regression parameters and is related to the score and loading matrices shown in Eq. (1) and (2).
In the present study, the PLSR models are applied to calculate the chemical compositions or mole fractions of inter-and intra-pellet liquid from NMR spectral data. Therefore, the responses Y are the inter-and intra-pellet compositions and the measurements X are the spectral data of the liquid mixtures with the compositions in Y. The columns of Y correspond to the species in the inter-and intra-pellet space and the columns of X correspond to the data points in the NMR spectra. Each row of X and Y corresponds to the spectrum and compositions of a calibration sample, respectively. The model calibration was implemented in MATLAB using the nonlinear iterative partial least squares (NIPALS) algorithm (Höskuldsso, 1988; Wold et al., 1984) . The optimal numbers of PCs were determined using a method based on bias-variance analysis proposed by Gowen et al. (2011) which yielded the optimal PC numbers of 5 for the 3 species in the intra-pellet liquid. The performance of the PLSR models was tested using external testing samples and the prediction error was estimated in the form of a root mean square error of prediction ( ):
where N is the number of testing samples and ̂ is the model estimation of which is the actual composition value.
Implementation of PLSR Analysis
In the present work, PLSR analysis was required to discriminate between intra-and interpellet species within the fixed bed. Model calibration was done with a calibration dataset which was representative of the chemical mixture characteristic of the reaction under study:
namely 1-octene, n-octane and 2-octene isomers. For the purposes of this calibration, since the NMR spectra of trans-and cis-2-octene isomers are similar, they were treated as one species. The PLSR models were calibrated with samples whose compositions varied in the ranges of 6.2-99.3 mol%, 0.1-28.8 mol% and 0.4-93.7 mol% for 1-octene, 2-octene and noctane, respectively. Nine calibration compositions were employed with the compositions having been based on a simplex-centroid design (Voinovich et al., 2009 ). For each composition, the spectral data associated with the inter-and intra-pellet liquid were obtained separately. The inter-and intra-pellet spectra of the 9 compositions were then combined to generate a calibration set based on a mixture-mixture design (Borges et al., 2007) . Full details regarding construction of the calibration set from inter-and intra-pellet spectra and the implementation of PLSR applied in this work are reported in Zheng (2016) . Specific considerations regarding the implementation of PLSR in this work are:
Since the pore structure of the catalyst gives rise to a change in T 2 and T 2 * of any liquid contained with it, which will then influence the acquired NMR signal intensity, it is required that the calibration samples reflect the physical and chemical environment in which the real reaction will occur. For this reason the calibration experiments were performed in the same trickle-bed reactor as that used in the reaction experiments. Since reaction must not occur, the liquid mixture for calibration was co-fed with N 2 as the gas phase. The liquid and gas superficial velocities were 1 mm s -1 and 15 mm s -1 respectively for these calibration experiments. It is essential that the NMR data acquisition parameters (i.e., pulse parameters and delay times) are the same in both the calibration experiments and the reaction experiments.
(ii) The aim of the PLSR analysis is to differentiate inter-and intra-pellet liquid compositions. Since the lineshapes of the inter-and intra-pellet liquid of a calibration sample will be different, an optimised PLSR model for each of the two physical environments is required. This was achieved by obtaining spectra of the bed during flow of liquid with the calibration compositions, and then draining the liquid from the bed. The remaining NMR signal was then associated with only intra-pellet liquid.
Subtraction of this intra-pellet liquid spectrum from the original spectrum yielded the spectrum associated with inter-pellet liquid. Thus, calibration datasets for the interand intra-pellet liquid were obtained from which to develop the independent PLSR models.
(iii) Since the 1-octene hydrogenation is an exothermic reaction, the temperature of the catalyst bed during the reaction could be slightly higher than that in the calibration experiment. Temperature can change the relaxation time of the liquid-phase species but is not expected to influence the lineshape and relative intensities between different peaks of the NMR spectra, and is therefore not expected to influence the PLSR model performance. The PLSR models were tested using spectra acquired at a temperature of 20 ˚C different from the calibration experiment. The result showed that the mol % values for both the intra-and inter-pellet PLSR models remained the same to within experimental error, therefore confirming the negligible influence of temperature on the models.
Using the methodology outlined in Section 3.1, the values of for the compositions of intra-pellet species were 0.47, 1.06 and 1.40 mol% for 1-octene, 2-octene and n-octane, respectively, and for the compositions of inter-pellet species were 0.93, 5.60 and 1.42 mol% for 1-octene, 2-octene and n-octane, respectively. Thus, the PLSR models can predict the intra-pellet composition accurately with a prediction error < 1.5 mol%. The prediction errors for the inter-pellet compositions were higher but generally < 5 mol%, except for 2-octene.
PLSR spectral analysis of data acquired during reaction
In applying the PLSR model to the operando reactor data, it is important to note that while for both the calibration and reaction datasets the intra-pellet space was fully-liquid saturated, and therefore associated with NMR spectra of similar SNR (> 50), the signal associated with the inter-pellet space in the reaction experiments was considerably lower than that in the calibration experiments because of the significantly lower flow rates during reaction. In the case of the spatially-resolved spectra, SNR was ~20 times lower than that characterising the calibration datasets. It follows that the prediction errors for the inter-pellet compositions during reaction will increase due to this decreased SNR. For this reason, we did not apply the PLSR model to measure inter-pellet compositions, instead using it to estimate only the intrapellet compositions. The NMR data were analysed and used as follows:
(a) The spatially-resolved NMR spectra were used to obtain intra-pellet compositions of 1-octene, 2-octenes and 1-octane along the length of the catalytic bed.
(b) The spatially-unresolved data were used to obtain average values of intra-pellet compositions of the three components within the catalytic bed. Combining this measurement of the intra-pellet composition of 1-octene with an average value of the inter-pellet composition of 1-octene along the bed, based on GC measurements, the concentration difference of 1-octene between the inter-and intra-pellet space was obtained, which was then used in the calculation of the mass transfer coefficient for this system (Section 3.4).
The analysis of the spatially-resolved and unresolved data followed the same approach. To reduce the influence of noise, baseline regions of the 13 C DEPT spectra characterised by a SNR < 5 were excluded from the calculation of intra-pellet compositions (Faber and Rajko, 2007) . Figure 3 shows the 9 spatially-resolved magnetic resonance datasets acquired for Reaction 1 that were used in the PLSR analysis to obtain the intra-pellet compositions along the length of the reactor. Analysis was performed on the central 9 slices to avoid the effects of r.f. coil heterogeneity on the data analysis. The same analysis procedure was applied to the data acquired for Reactions 2-7, and for the spatially-unresolved (i.e., volume-averaged) spectrum acquired for each reaction.
Determination of the mass transfer coefficients
According to the film theory of mass transfer, the LS of 1-octene at the steady state is defined as (Cussler, 2009 ):
where = 1 − out in ⁄ is the conversion of 1-octene, L is the molar flow rate of 1-octene in the feed liquid, and 0 and S [mol m -3 ] are the average concentrations of 1-octene in bulk liquid and on the external catalyst surface, respectively. In this analysis the value of S is assigned to be the intra-pellet concentration of 1-octene ( intra ) as determined by the PLSR analysis of the spatially-unresolved NMR data. Since internal mass transfer limitations may exist, there could be a small concentration gradient in the eggshell layer of the catalyst.
Therefore, intra could be an under-estimate of the true value of S . The bulk liquid concentration 0 averaged over the catalyst bed was calculated by averaging the 1-octene concentrations at the inlet and outlet of the reactor which were measured by GC. Table 2 shows the inter-and intra-pellet compositions (mole fractions) determined by GC and NMR respectively, which were converted to concentrations for substitution into Eq. (5).
The external wetting surface area w was calculated as:
where is the wetting efficiency of the bed; a is the specific surface area of the bed, and c is the volume of the catalyst bed which was taken to be 1.47 × 10 -5 m 3 . The bed porosity, wetting efficiency and liquid holdup were calculated directly from the magnetic resonance images for each of Reactions 1-7; typical images are shown in Fig. 4 . The bed porosity was obtained from the image of the flooded bed (Fig. 4 (a) ) by calculating the ratio between the number of pixels associated with the void space and the cross section of the bed. The bed porosity was determined to be b = 0.39±0.01. The total external surface of the pellets was also identified from these images. The wetted surface was identified from an image acquired while the bed was operated under trickle-flow conditions, as shown in Fig. 4 (b) . The wetting efficiency was calculated as the ratio of the number of pixels associated with the wetted surface and the total external surface. The total liquid holdup, ℎ t , was also obtained from the image of the bed operated at the trickle flow condition by calculating the ratio between the pixel numbers associated with inter-pellet liquid and the cross section of the bed. The wetting efficiency and liquid holdup data are reported in Table 3 . The specific surface area of a reactor of the same packing and inner diameter has previously been determined directly from a three-dimensional magnetic resonance image to be 1071 m -1 (Dunckley, 2008) . Thus, all the parameters in Eq. (5) are determined experimentally, and LS was then calculated directly from these data.
Results
Reaction experiments
The conversions of 1-octene were calculated using the concentrations of 1-octene at the inlet and outlet of the reactor, as measured by GC, and are presented in Table 1 . As expected, for a given feed composition, the conversion of 1-octene decreases with increasing liquid velocity as a result of the decrease in residence time. Further, the conversions observed for the 1-octene/H 2 ratio of 11 are significantly larger than that for the 1-octene/H 2 ratio of 21 consistent with the reaction rate having been reported to be proportional to the concentration of hydrogen in the feed (Battsengel et al., 2002; Reynders and Nicol, 2011) . At the entrance to the bed (i.e., at axial positions < 10 mm), the composition of n-octane is larger than that of 2-octene.
The composition of n-octane within the pellets then decreases along the bed, while the composition of 2-octene increases. This is consistent with the feed composition being hydrogen lean; hydrogen is consumed in the hydrogenation reaction along the first 10 mm of the bed; further downstream the isomerisation reaction to 2-octenes dominate. It is believed that the isomerisation does not consume molecular hydrogen H 2 (Turkevich and Smith, 1948) , and that any hydrogen required by the isomerisation reaction is not necessarily from molecular H 2 but may be supplied by the hydroxyl groups on the support surface (Gerberich and Hall, 1966; Wells and Wilson, 1967) and the hydrogen in hydrocarbon molecules (Thomson and Webb, 1976) . The composition of 1-octene generally remains stable or slightly decreases along the catalyst bed. Comparing the results for different feed 1-octene/H 2 ratios, the local intra-pellet compositions of 1-octene for reactions with 1-octene/H 2 = 11 (Reactions 1-3) are smaller than those for reactions with 1-octene/H 2 = 21 (Reactions 4-7). This is consistent with the larger conversions for the feed richer in hydrogen, as reported in Table 1 .
The maximum theoretical mole fractions of n-octane produced for these two feed conditions, calculated by assuming that all the feed H 2 is consumed in the hydrogenation of 1-octene, are 0.09 and 0.05 for the 1-octene/H 2 feed molar ratios of 11 and 21, respectively. For all reactions shown in Fig. 5 at the entrance to the bed where hydrogenation dominates, the mole fractions of n-octane exceed the maximum theoretical mole fractions, providing evidence of the presence of a mass transfer resistance; i.e., the intrinsic reaction rate is larger than the mass transfer rate, and accumulation of products occurs inside the catalyst pellets. Table 2 shows the inter-and intra-pellet compositions of the 3 species within the bed; the data for 1-octene will be used to calculate the value of LS for this reaction. Figure 6 shows the difference between the inter-and intra-pellet concentrations of 1-octene ∆ = 0 − intra which is plotted against liquid superficial velocity L . As expected, the values of ∆ are higher for 1-octene/H 2 = 11 due to the higher conversions compared to those for 1-octene/H 2 = 21. Further, it is seen that for a given feed condition, variations in L in the range 0.036 -0.1 mm s -1 cause a negligible change in the concentration gradient ∆ . However, ∆ was significantly reduced in Reaction 7 when L was increased to 0.68 mm s -1 for the 1-octene/H 2 = 21 feed, consistent with the reactor now being operated under conditions of external mass transfer limitation. This observation is also consistent with the relatively high value of L for Reaction 7 reported in Table 1 . Table 4 reports the values of LS calculated from the experimental data reported in this work for all reactions studied, along with the values of LS predicted by 5 correlations using the flow conditions of the 7 reactions. These data are plotted in Fig. 7 as a function of liquid
Liquid-solid mass transfer
L is calculated using an equivalent diameter of the pellet, P , of 3.7 × 10 -3 m; the density, L , and viscosity, L , of pure 1-octene at 20 ˚C are taken as 714.9 kg m -3 and 4.69 × 10 -4 kg m -1 s -1 , respectively (Frenkel et al., 1997) ; and the liquid superficial velocity reported in Table 1 . Considering the values of LS calculated from the experimental data reported in the present work, it is seen that the values increase with increasing L for a given 1-octene/H 2 ratio and that LS is larger for lower 1-octene/H 2 ratio at similar L .
Discussion
The values of LS obtained directly from the NMR studies of Reactions 1-6 are considered first; these lie in the range (0.15 -0.25) × 10 -5 m 2 s -1 . From Fig. 7 and Table 4 it is seen that, for a given L , the LS values are higher for the feed richer in hydrogen. Two possible explanations of this result exist in the literature. First, since the hydrogenation of 1-octene is an exothermic reaction (Bennett and Lewis, 1958; Ghosh and Perlmutter, 1963) and the rate of reaction increases with increasing concentration of hydrogen in the feed, the operating temperature of the feed richer in hydrogen is expected to be higher. Given that LS is proportional to the diffusivity ( LS = / (Fogler, 2006) ), a modest increase for reactions occurring for the 1-octene/H 2 =11 relative to 1-octene/H 2 =21 is expected. Second, an increase of gas flow rate has also been reported to lead to enhanced LS as a result of changes in gas-liquid interaction (Lakota and Levec, 1990; Saroha, 2010; Sylvester and Pitayagulsarn, 1975) . Possible factors causing an increase in mass transfer include a reduction the crosssectional area for liquid flow, resulting in an increase in liquid superficial velocity as gas flow rate is increased, and an increase in gas flow causing turbulence and inducing radial momentum in the liquid phase. However, it has also been reported that the effect of gas flow on LS is not significant for a bed packed with small pellets ( P < 5 mm) due to the stagnant liquid pockets between small pellets which have little interaction with gas flow Rao and Drinkenburg, 1985) . Given the low values of L and the size of pellets used in the present work it is therefore suggested that the observed increase in LS with hydrogen concentration in the feed is associated with an increase in bed temperature. The value of LS for Reaction 7 acquired for the higher liquid flow, L =3.8 and G =1.3 is 6.54 × 10 -5 m s -1 .
Since these data were acquired under conditions of external mass transfer limitation they will not be discussed further.
The values of LS determined from the NMR data for Reactions 1-6 are now compared with values predicted using 5 correlations that have been reported in the literature. They are summarised as follows. ⁄ , 20 ˚C, L ≤ 20, G = 0, = 1220-5400 (Satterfield et al., 1978; Specchia et al., 1978) . Method: Dissolution method; fixed bed packed with 3×3-6×6 mm cylinders, with bed properties of b = 0.38, a = N/A, b = 9-15 cm and operated at the trickle-flow condition with no gas flow.
The calculation of correlations were carried out using the parameters presented in Tables 1   and 3 Saroha, 2010; Tan and Smith, 1982) .
The data presented confirm the importance of making the determination of LS under the same hydrodynamic conditions as are present under reaction conditions; this includes not only the gas and liquids Reynolds number but also the rivulet flow pattern which will determine surface wetting characteristics of the pellets. This work also highlights the value of the operando NMR technique which can be applied directly in the fixed-bed environment and with the reaction of interest occurring within the bed.
Conclusion
This work presents an NMR study of the intra-pellet compositions and liquid-solid mass transfer during the hydrogenation and isomerisation reaction of 1-octene. The local intrapellet compositions along the axial direction of the reactor were measured for the first time using NMR combined with a PLSR analysis method. The results indicated that hydrogenation and isomerisation reactions were dominant in the upper and lower regions of the reactor, respectively. The local intra-pellet compositions also revealed product accumulation inside catalyst pellets providing evidence of mass transfer limitation within the system.
Operando measurement of the liquid-solid mass transfer coefficients LS was achieved using spatially-unresolved measurements of intra-pellet chemical compositions. The values of LS calculated from the NMR data were shown to be in general agreement with those estimated by empirical correlations. Further, best agreement was found when the hydrodynamic conditions and fluid-solid contacting characteristics under which a given correlation was derived most closely matched our experimental set-up. The NMR method provides a direct measurement which can be made at the operating conditions under which the reaction is occurring. This approach provides a method by which catalyst pellets and operating conditions can be screened to characterise mass transfer behaviour and aid selection of materials and operating conditions. The approach can be applied to any heterogeneous catalytic system which can be studied using conventional NMR techniques. ; (ii) the liquid Schmidt number, Sc = 227.8 at 20 ˚C ; (iii) gas density, G , = 0.62 kg m -3 calculated for 20 ˚C based on the ideal gas assumption; (iv) gas viscosity, μ G = 1.7 × 10 -5 kg m -1 s -1 , calculated using the correlation of Wilke (1950) , with the viscosity of pure H 2 and N 2 at 20 ˚C calculated by the method of Hirschfelder et al. (1948 octene, ■ = 2-octene, ▲ = n-octane. The data for Reaction 7 are not shown because the intra-pellet concentrations of products were significantly lower than the other reactions due to the low conversion of this reaction (see Table 2 ). 
